Giant magnetoimpedance ͑GMI͒ was investigated from room temperature up to 823 K in an Fe-based nanocrystalline Fe 73.0 Cu 1.0 Nb 2.5 V 1.0 Si 13.5 B 9.0 ribbon. With an increment of the measuring temperature ͑T͒, GMI shows notable enhancement followed by a declining dependence, yielding a maximum value around 603 K where the relative GMI is nearly four times that at room temperature. The field at the peak of the GMI vs H dc curve decreases monotonically with T, but around T ϭ603 K there superimposes a trough-shaped variation. The thermal evolution of the soft magnetic property and magnetic anisotropy is suggested to be responsible for the high-temperature GMI features. Discussion on the intergrain exchange magnetic coupling through the amorphous boundaries in the two-phase Fe-based nanocrystalline alloy is also given.
I. INTRODUCTION

Giant magnetoimpedance ͑GMI͒
1-4 has attracted considerable interest in the past few years due to its promising applications in magnetic sensors and magnetic reading heads. Such an effect involves a very large and sensitive change in the high-frequency impedance of some soft magnetic materials under the action of a static magnetic field. The skin effect and ferromagnetic resonance, depending on the frequency range, have been supposed to be the physical origins of GMI. Much effort has also been made to clarify the GMI behavior while varying several influential factors. However, although the temperature dependence of GMI is very important from both basic research and practical application points of view, work on this issue is still extremely limited. 5 The Finemet-type Fe-based nanocrystalline alloy is one of those materials currently used for the GMI studies. 6 This kind of material, routinely obtained by suitable annealing of the amorphous precursor, exhibits excellent soft magnetic properties. It is generally agreed that the magnetic softness of the Fe-based nanocrystalline alloy is related to its novel microstructure, namely, ultrafine nanocrystalline ␣-Fe͑Si͒ grains embedded in an amorphous matrix, and depends directly on the exchange magnetic coupling between these grains through the amorphous boundaries; however, details on this coupling still remain unclear. Recently, hightemperature magnetic measurements have been reported as good experimental approaches to tackling those associated problems. [7] [8] [9] Since the two-phase Fe-based nanocrystalline alloy has two distinct Curie temperatures, one for the nanocrystalline grains and the other for the amorphous phase, the roles of the two magnetic phases in the intergrain magnetic coupling can possibly be taken apart in a sufficiently high temperature range and investigated separately. In this sense, we reasonably argue that the high-temperature GMI measurement can fulfill the same mission because it is a sensitive reflection of the magnetic properties.
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In the present work, we measured GMI in a nanocrystalline Fe 73.0 Cu 1.0 Nb 2.5 V 1.0 Si 13.5 B 9.0 ribbon with measuring temperatures up to 823 K. The high-temperature GMI features and the intergrain magnetic coupling are extensively discussed.
II. EXPERIMENT
The amorphous ribbon of composition Fe 73.0 Cu 1.0 Nb 2.5 V 1.0 Si 13.5 B 9.0 was cast by the single-roller spinning technique. An 8-mm-long sample was cut out and subjected to Joule heating for crystallization ͑1.45 A dc, 5 min͒. A tensile stress of 22 MPa was also imposed longitudinally on the sample during the entire process to modify the magnetic structure. Measurements of XRD and Mössbauer spectrum verified the occurrence of nanocrystallization after annealing and a dynamic hysteresis loop tracer ͑1 kHz͒ revealed that the sample had preferred transverse orientation of magnetic moments.
The high-temperature GMI features of the Fe 73.0 Cu 1.0 Nb 2.5 V 1.0 Si 13.5 B 9.0 ribbon were measured on a homemade system. The sample was positioned at the center of a cylindrical quartz furnace and the impedance was measured using the four-terminal method. Because it is impossible to use silver paint to fasten leads at high temperatures, four special Cu clamps were designed to act as alternatives and the contact resistance was well minimized to be lower than 1 ⍀. We mounted the furnace between a pair of Helmholtz coils, which provided a dc magnetic field (H dc ) as high as 45 Oe. The relative change in the impedance due to the application of H dc is calculated through GMIRϭ͓Z(H dc ) ϪZ(0)͔/Z(0), with Z(H dc ) being the impedance amplitude of the sample at any given H dc . All data were collected with a fixed alternating current of f ϭ2 MHz and i pϪp ϭ3 mA. The sample was kept under N 2 for protection from any possible oxidization. The measuring process was automatically controlled by a PC. Figure 1 shows the GMI curves ͑GMIR vs H dc characteristics͒ at four selected measuring temperatures ͑302, 373, 473, and 583 K͒. As can be seen, a positive GMI arises from this sample, and a notable enhancement of GMI is achieved with increasing temperature. The GMIR magnitude at 583 K has a greatly improved value of approximately 60%, four times that obtained around room temperature ͑302 K͒. Such an interesting temperature enhancement implies a very promising technical application for GMI in magnetic sensors with improved performance in a high-temperature environment. It can also be noted in Fig. 1 that the positive peak of the GMI curve shifts as the temperature changes. This experimental result is quite different from the report by Kim et al., 5 who observed little variation of the peak field for Co 66 Fe 4 NiB 14 Si 15 ribbons at temperatures from 10 K to room temperature.
III. RESULTS AND DISCUSSION
In order to discuss the high-temperature GMI features, the values of both GMIR P and H P , which correspond to the positive peak of the GMI curve ͑marked by an arrow in Fig.  1͒ , were picked out and their dependence on the measuring temperature was investigated. Figure 2 shows the temperature dependence of GMIR P , which at first increases, reaches a maximum at 603 K, and then decreases at higher temperatures. This variation can be understood by the thermal evolution of the magnetic softness and magnetic anisotropy of this nanocrystalline sample. According to the two-phase random anisotropy model, 11, 12 in nanocrystalline alloys, the nanocrystalline grains are strongly coupled through exchange magnetic interactions and the local magnetocrystalline anisotropies of grains are averaged out. Furthermore, the intergranular amorphous phase plays an indispensable role since only through it can the exchange coupling be conveyed. Thus any variation in the magnetic nature of the amorphous phase should subsequently change the intergrain exchange coupling, hence alter the magnetic softness and the effective anisotropy, and finally modify the GMI features. When the temperature is relatively low, the amorphous phase is ferromagnetic, which maintains the exchange coupling. As the temperature rises, a combination of stress release and the magnetocrystalline anisotropy decrease in the amorphous phase further softens the ribbon magnetically, increasing its GMI. When the temperature approaches the Curie temperature of the amorphous phase, T c am , or higher, the amorphous phase will suffer a ferro-to paramagnetic transition and become incapacitated in conveying the intergrain magnetic exchange coupling. As a consequence, magnetic hardening takes place because of the collapse of the magnetic coupling, leading to an overwhelming decrease of GMI. So, as seen in Fig. 2 , GMI has a maximum value around T c am . Therefore, high-temperature GMI measurement can be utilized to obtain T c am , and, in this particular case, we estimate T c am of this sample to be 603 K. This actually deserves some attention since the precise determination of T c am of the Fe-based nanocrystalline alloy is still a problem that has not been solved.
The dependence of the peak field, H P , on temperature is shown in Fig. 3 . One can see that H P exhibits an overall monotonically decreasing variation with temperature. Because the peak of the GMI curve is located at the effective transverse magnetic anisotropy field (H K ), 1 i.e., H P ϭH K , the result in Fig. 3 moval of the induced magnetic anisotropy as the result of stress release during the high-temperature measuring process.
However, in Fig. 3 , one should not miss a special trough-shaped variation around T c am ͑603 K͒. This unambiguously verifies the drastic changes in the magnetocrystalline anisotropy around T c am because the measured H P directly reflects the actual magnetic anisotropy field. For further confirmation, we present, in the inset of Fig. 3 , the temperature dependence of H P for another nanocrystalline Fe 73.0 Cu 1.0 Nb 2.5 V 1.0 Si 13.5 B 9.0 ribbon produced by annealing at 813 K without stress. A similar trough-shaped behavior of H P can be more clearly visualized, since in this sample there is no stress-induced anisotropy.
In conclusion, high-temperature GMI has been measured in a nanocrystalline Fe 73.0 Cu 1.0 Nb 2.5 V 1.0 Si 13.5 B 9.0 ribbon from room temperature to 823 K, and the results have been explained in terms of the thermal evolution of the soft magnetic property. We believe that this method is very useful for studying the intergrain magnetic coupling and the origins of the excellent magnetic softness of Fe-based nanocrystalline alloys.
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